The effect of predation on stunted and nonstunted white perch
Introduction
Balance of fish populations in aquatic communities has long been recognised as an important concept in fishery management beginning with quantitative descriptions of balanced and unbalanced communities by Swingle (1950) . Characteristics used to describe a balanced fish community include: consistent recruitment of predators and prey, diverse size distributions of predators and prey, fast growth of predators and prey, and consistent production of harvestable-sized fish in relation to the fertility of the water body (Flickinger et al. 1999) . Unbalanced communities rarely produce fish that anglers desire to harvest (Swingle 1950) and a stunted population is an obvious example of an unbalanced community. Stunting is a common occurrence in freshwater fisheries that is intuitively easy to comprehend, though very difficult to quantify. As such, many definitions of stunting exist, including: a drastically reduced growth rate (Heath & Roff 1987 ), a drastically reduced growth rate relative to the potential of the species (Burrough & Kennedy 1979) , a decrease in juvenile growth followed by an almost complete stoppage of growth during adult life stages (Diana 1987) , and a reduction in maximum size in relation to the ecological potential for an entire population of a species (Ylikarjula et al. 1999 ). This population-wide reduction in body size is a result of ecological conditions, not genetics (Heath & Roff 1987) , and it is commonly observed in Centrarchidae (Roff 1992; Aday et al. 2002) , Salmonidae (L' Abèe-Lund et al. 1990; Roff 1992) , and Percidae (Alm 1946; Heath & Roff 1996; Jansen 1996; Heibo et al. 2005) . Typically, this reduction in body size is accompanied by an earlier age at maturity (Burrough & Kennedy 1979; L'Abee-Lund et al. 1990; Jansen 1996) resulting in a high-density population of slow growing individuals. Clearly, there is great need for a quantifiable definition of stunting within our profession.
Regardless of the definition, a stunted fish population is often problematic for fishery managers (Hayes et al. 1999) . Despite several potential tools to alleviate stunting, such as mechanical and chemical removal, Abstract -Predation is widely regarded as a means to prevent or minimise the establishment of a stunted (high density of slow growing individuals) population. We investigated the effect of predation on two different white perch Morone americana populations (stunted and nonstunted) by examining the stomach contents of piscivorous fishes. White perch and gizzard shad dominated piscivore diets in Branched Oak Lake, whereas white perch dominated piscivore diets in Pawnee Lake. White perch consumed in the stunted population (Branched Oak Lake) were larger and older than white perch consumed in the nonstunted population (Pawnee Lake). Many of the consumed white perch in the stunted population were sexually mature and had the opportunity to spawn at least once. In contrast, all of the consumed white perch in the nonstunted population were sexually immature. Predation may have reinforced the stunting of white perch in Branched Oak Lake through removal of the largest, oldest individuals.
water-level manipulation, and stocking of predators (Noble 1980; Wydoski & Wiley 1999) , imbalance in these fish communities is difficult to correct. The role of predation, in conjunction with reproductive output of prey, has long been considered important for establishing and maintaining balance in aquatic communities (Swingle 1950; Anderson 1973) . The current paradigm, first proposed by Swingle & Smith (1942) , suggests that predation is a means of preventing or minimising stunted fish populations. Fishery managers often attempt to manage unbalanced communities by stocking predators (Flinkinger et al. 1999) or increasing human harvest with intensive fishing (Swingle & Smith 1942; Amundsen et al. 1993 ) because a lack of predation pressure is one factor that could cause or promote stunting of a species within a water body (Roff 1992; Ylikarjula et al. 1999) . Furthermore, many studies suggest that predators could be important for improving growth and size structure of prey fishes (e.g., Rask 1983; Otis et al. 1998; Paukert et al. 2002; Tomcko & Pierce 2005) . However, exceptions to the current paradigm may exist in which predation pressure causes or reinforces stunting of a prey population. Thus, we investigated the effect of predation on two markedly different white perch Morone americana populations (i.e., stunted and nonstunted) in Branched Oak and Pawnee reservoirs, Nebraska.
Study fish
White perch tend to overpopulate and stunt in freshwater systems (Scott & Crossman 1973) . White perch are highly fecund (Mansueti 1961) , have an ability to reproduce during their first year of life, and can withstand a wide range of environmental conditions allowing for potential domination of fish communities (Ballinger & Peters 1978; Hodkin 2001) . White perch may negatively affect other fishes through competition for food (Mansueti 1961; Schaeffer & Margraf 1987; Hodkin 2001 ) and egg predation (Mansueti 1961; Ballinger & Peters 1978; Schaeffer & Margraf 1987; Hodkin 2001) . In the Midwest, the white perch is an invasive species and has demonstrated a propensity to stunt in Nebraska reservoirs (Hergenrader & Bliss 1971; Hergenrader 1980; Hodkin 2001; Chizinski 2007) .
The white perch populations in Branched Oak and Pawnee reservoirs, Nebraska, are markedly different. Chizinski (2007) investigated differences in lifehistory traits between stunted white perch in Branched Oak Lake and nonstunted white perch in Pawnee Lake. Males and females were significantly smaller (standard length and somatic dry mass) in the stunted population than the nonstunted population; additionally, maximum size was smaller in the stunted population. White perch in the stunted population lived significantly longer achieving a maximum age of 10 years, whereas 5 years was the maximum age for white perch in the nonstunted population. White perch in the stunted population experienced slower growth and an annual survival rate almost twice that of white perch in the nonstunted population. Furthermore, males and females reached sexual maturity at ages 1 and 2, respectively, in the stunted population and ages 2 and 4, respectively, in the nonstunted population.
Study area
Branched Oak Lake, located in Lancaster County, Nebraska, is a 728-ha, hypereutrophic flood-control reservoir. At the time of study, Branched Oak Lake had restrictive harvest regulations (i.e., catch-andrelease fishing for hybrid striped bass Morone saxatilis · Morone chrysops and flathead catfish Pylodictis olivaris, a daily bag limit of 1 walleye Sander vitreus longer than 56 cm, and a 25-cm minimum length limit for white crappie Pomoxis annularis and black crappie P. nigromaculatus). Pawnee Lake is a 299-ha, hypereutrophic flood-control reservoir and is located 14 km south of Branched Oak Lake in Lancaster County, Nebraska. At the time of study, Pawnee Lake had less restrictive harvest regulations (i.e., daily bag limit of 10 panfish) compared to Branched Oak Lake.
Materials and methods
Diets of piscivorous fishes (largemouth bass, white crappie, black crappie, channel catfish Ictalurus punctatus, flathead catfish, white bass M. chrysops, hybrid striped bass, sauger S. canadensis, and walleye) were investigated during the ice-free period (approximately March through November) of 2006 and 2007 in Branched Oak and Pawnee reservoirs. Each reservoir was sampled twice weekly from 1 h before to 2 h after sunrise and from sunset to 3 h after sunset because catchability of fishes is maximised during crepuscular periods (Witt & Campbell 1959) . Also, some fishes feed more actively during the day, whereas other fishes feed more actively during the night.
Piscivorous fishes were captured with a boatmounted electrofisher (pulsed DC) and measured for total length (mm). Stomach contents of captured fishes were removed using pulsed gastric lavage (Light et al. 1983; Kamler & Pope 2001) and preserved in a 10% buffered-formalin solution. After the stomach was flushed with water, an appropriately sized clear plastic tube was inserted into the digestive tract and used as a gastroscope to ensure that all stomach contents were removed. Fish were released unharmed after stomach contents were removed. In the laboratory, all stomach contents were identified to species for fishes and to order for invertebrates using dichotomous keys provided by Scott & Crossman (1973) and Thorp & Covich (1991) . Prey fishes removed from stomachs were measured for standard length (mm) when possible. We used frequency of occurrence and percentage of composition by volume to quantitatively describe diets of piscivorous fishes.
A Kolmogorov-Smirnov test was used to determine if differences existed between length-frequency distributions of white perch sampled by Nebraska Game and Parks Commission (NGPC) fisheries biologists in Branched and Pawnee reservoirs; NGPC sampled white perch during mid-October of 2006 and 2007 with trap nets (16-mm bar mesh) and gill nets (1.8-m tall and 7.6-m wide panels of 19-, 25-, 32-, 38-, 51-, and 76-mm bar mesh). A Kolmogorov-Smirnov test was also used to determine if differences existed between length-frequency distributions of white perch consumed by piscivores from Branched Oak and Pawnee reservoirs. We visually compared lengthfrequency distributions of white perch consumed by piscivores during autumn (September-November) to length-frequency distributions of white perch sampled by NGPC. For comparison purposes, we converted standard lengths of white perch consumed by piscivores to total length using a conversion factor (total length = standard length[1.24]; Carlander 1997) because NGPC measured total length during standardised fish sampling. Chizinski et al. (2010b) determined mean length-at-age for white perch collected from March until September 2006 in Branched Oak and Pawnee reservoirs; we used this age information to assign ages to white perch. We also used catch-per-unit-effort (CPUE) data from the 2006 NGPC standardised trap net (number per trap net night for white crappie and black crappie) and gill net (number per gill net night for channel catfish, white bass, hybrid striped bass, sauger, and walleye) sampling to provide a measure of relative abundance for piscivorous fishes in each reservoir. Trap nets and gill nets are not appropriate gears for indexing relative abundance for largemouth bass and flathead catfish, thus CPUE is not reported for these two species.
Results
In Branched Oak Lake, we captured 1470 piscivores with 368 of these piscivores containing white perch. Mean total length of piscivores captured in Branched Oak Lake was 485.6 ± 4.2 mm. Flathead catfish, hybrid striped bass, and walleye were the largest and most abundant piscivores captured by electrofishing; however, white crappie and channel catfish were the most abundant piscivores captured by trap nets and gill nets, respectively (Table 1) . Piscivores consumed numerous species in Branched Oak Lake: brook silverside Labidesthes sicculus, green sunfish Lepomis cyanellus, bluegill, largemouth bass, crappie spp., gizzard shad Dorosoma cepedianum, common carp Cyprinus carpio, white perch, and walleye; however, white perch and gizzard shad were the most frequent prey fishes removed from piscivore stomachs, and occurrence of other prey fishes was rare (Table 2) . Similarly, white perch and gizzard shad dominated the volume of prey fishes consumed in Branched Oak Lake (Table 2 ). The majority of white perch (77.9% of the volume of white perch consumed) were consumed during spring and summer. In contrast, the majority of gizzard shad (75.5% of the volume of gizzard shad consumed) were consumed during autumn when young-of-year gizzard shad became vulnerable to predators. Most of white perch removed from piscivore stomachs were highly digested and could not be measured; we measured standard length of 102 white perch removed from piscivore stomachs in Branched Oak Lake.
In Pawnee Lake, we captured 869 piscivores with 254 of these piscivores containing white perch. Mean total length of piscivores captured in Pawnee Lake was 422.2 ± 4.5 mm. Flathead catfish and sauger were the largest piscivores sampled by electrofishing, whereas walleye and white bass were the most abundant (Table 1) . White crappie was the most abundant piscivore captured by trap nets, and walleye and channel catfish were the most abundant piscivores captured by gill nets (Table 1) . Piscivores consumed numerous species in Pawnee Lake: bluegill, largemouth bass, crappie spp., common carp, fathead minnow Pimephales promelas, white perch, and walleye; however, white perch was the most frequent prey fish removed from piscivore stomachs, and occurrence of other prey fishes was rare (Table 2) . White perch dominated the volume of prey fishes consumed in Pawnee Lake (Table 2 ). Similar to Branched Oak Lake, we measured standard length of 76 white perch removed from piscivore stomachs in Pawnee Lake.
Length-frequency distributions of white perch captured by NGPC were different between reservoirs (KSa = 28.2, P < 0.0001); larger white perch were sampled in Pawnee Lake compared to Branched Oak Lake (Fig. 1) . Length frequency distributions of white perch consumed by piscivores were also different (KSa = 1.9, P = 0.001) between reservoirs (Fig. 1) ; the size range of white perch consumed was identical between reservoirs, though relative frequency of larger white perch consumed was greater in Branched Oak Lake than Pawnee Lake. There were also differences in the ages (as determined by Chizinski et al. (2010b) ) of white perch consumed by piscivores between reservoirs. In Branched Oak Lake, 42% of consumed white perch were age 1 or older, where as only 1% of consumed white perch were age 1 or older in Pawnee Lake (Fig. 1) . When considering the gear bias of trap nets and gill nets (white perch <100 mm were not effectively sampled by NGPC gears), piscivorous fishes in Branched Oak Lake consumed nearly the entire size range of white perch captured from trap nets and gill nets (Fig. 1) . Piscivorous fishes in Pawnee Lake consumed much smaller white perch compared to white perch that were captured from trap nets and gill nets (Fig. 1) .
Discussion
When comparing sizes of white perch consumed from the stunted population (Branched Oak Lake) with sizes of white perch consumed from the nonstunted population (Pawnee Lake), we found that similar-sized white perch were consumed from the stunted and nonstunted population; all white perch consumed in both populations were 20-150 mm in total length. We expected larger white perch would be consumed in Pawnee Lake where larger white perch were present. However, piscivore size was greater in Branched Oak Lake compared to Pawnee Lake and larger piscivores should be able to consume larger prey items. White perch grow faster in Pawnee Lake (Chizinski 2007) ; perhaps white perch quickly reach a size refuge from most piscivores in Pawnee Lake. In Branched Oak Lake, piscivores consumed nearly the entire size range of white perch available. In contrast, piscivores in Pawnee Lake consumed only the smallest individuals from the size range of white perch available. Many white perch in the 150-to 250-mm size range were collected during autumn standardised fish sampling by NGPC; however, no white perch in this size range was removed from the stomachs of piscivores. Piscivores in Pawnee Lake were not only consuming smaller white perch, but younger white perch as well. Piscivores almost exclusively consumed age-0 white perch in Pawnee Lake, whereas piscivores in Branched Oak Lake consumed a wide range of ages (0-6). Given that white perch mature at age 1-2 in Branched Oak Lake, white perch in this stunted population potentially spawn several times before being consumed. Our traditional view of fish population dynamics suggests that exploitation of mature white perch via predation would lead to greater reproductive output and increased recruitment, which would exacerbate the stunted status of white perch in Branched Oak Lake. Further, removal of larger, older white perch (via predation) from a population without sufficient predation on smaller, younger white perch may promote stunting. Modelling simulations indicated that increasing and maintaining predation pressure on age-0 and age-1 white perch consistently resulted in the greatest change in white perch population dynamics in Branched Oak Lake (Chizinski et al. 2010a) . Perhaps white perch would be better controlled by a fish community similar to Pawnee Lake, which is comprised of smaller-bodied piscivores, instead of the current fish community comprised mainly of larger-bodied piscivores. In contrast, white perch mature at age 2-4 in the Pawnee Lake and evidently, white perch that survive to maturity in this population are no longer vulnerable to predation by other fishes.
The presence of gizzard shad is another factor that could be contributing to the stunting of white perch in Branched Oak Lake. First, the annual production of age-0 gizzard shad provides piscivores with an abundant, alternative prey base that likely decreases predation pressure on white perch, particularly during autumn. Gizzard shad are soft-rayed and have a greater caloric density than white perch (Miranda & Muncy 1989) potentially making gizzard shad a more attractive prey item than white perch, at least part of the year. Second, gizzard shad can substantially reduce plankton communities and decrease growth of other fishes (Garvey & Stein 1998) . Cladocerans and dipterans were the most important prey items for white perch during 2006 and 2007 in Branched Oak Lake during spring, summer, and autumn (Gosch et al. 2010) . Gizzard shad may be competing with white perch for food, limiting white perch growth and thus, providing another mechanism, in conjunction with predation, promoting a stunted population of white perch.
The current paradigm suggests that a reduction of population density is important to prevent, minimise or alleviate stunting of a fish population (Alm 1946; Donald & Alger 1989; Amundsen et al. 1993; Klemetsen et al. 2002; Amundsen et al. 2007 ). Naturally, predation is a primary mechanism fishery managers use to reduce population density. In theory, increased predation should reduce population density and increase food availability to the remaining individuals allowing for increased growth rates. However, piscivores must remove the appropriate-sized (-aged) individuals for this theory to prove true. When piscivores target the larger, older individuals in a population, stunting will not necessarily be alleviated. For example, implementing a minimum length limit regulation on a high-density largemouth bass population promotes predation (by anglers) on the few individuals growing past the minimum length creating an excess of largemouth bass smaller than the minimum length. The largemouth bass population remains at high density and, if it is not stunted already, likely transitions to the stunted state. Certainly, situations exist where predation can alleviate stunting of a fish population and help restore balance in an aquatic community; however, this may not always be the case. We demonstrated herein that situations may exist where predation reinforces stunting in aquatic communities. Additional research is needed to further explore situations where the removal of the appropriate-sized (-aged) individuals may be important to alleviate stunting of a population.
